We examined the effects of 48 h bilateral nephrectomy on plasma and cardiac tissue expression of angiotensin-(1-12) ], ANG I, and ANG II in adult Wistar-Kyoto rats to evaluate functional changes induced by removing renal renin. The goal was to expand the evidence of ANG-(1-12) being an alternate renin-independent, angiotensin-forming substrate. Nephrectomy yielded divergent effects on circulating and cardiac angiotensins. Significant decreases in plasma ANG-(1-12), ANG I, and ANG II levels postnephrectomy accompanied increases in cardiac ANG-(1-12), ANG I, and ANG II concentrations compared with controls. Plasma ANG-(1-12) decreased 34% following nephrectomy, which accompanied 78 and 66% decreases in plasma ANG I and ANG II, respectively (P Ͻ 0.05 vs. controls). Contrastingly, cardiac ANG-(1-12) in anephric rats averaged 276 Ϯ 24 fmol/mg compared with 144 Ϯ 20 fmol/mg in controls (P Ͻ 0.005). Cardiac ANG I and ANG II values were 300 Ϯ 15 and 62 Ϯ 7 fmol/mg, respectively, in anephric rats compared with 172 Ϯ 8 fmol/mg for ANG I and 42 Ϯ 4 fmol/mg for ANG II in controls (P Ͻ 0.001). Quantitative immunofluorescence revealed significant increases in average grayscale density for cardiac tissue angiotensinogen, ANG I, ANG II, and AT1 receptors of WKY rats postnephrectomy. Faint staining of cardiac renin, unchanged by nephrectomy, was associated with an 80% decrease in cardiac renin mRNA. These changes were accompanied by significant increases in p47 phox , Rac1, and Nox4 isoform expression. In conclusion, ANG-(1-12) may be a functional precursor for angiotensin peptide formation in the absence of circulating renin. renin; angiotensinogen; angiotensin II; blood pressure RESEARCH ON THE RENIN-ANGIOTENSIN system's mechanisms of action provides a wealth of information about its role in physiology and cardiovascular pathology. Characterization of newer biochemical pathways by which angiotensin peptides act on diverse cellular receptors to exert paracrine and intracrine mechanisms include the identification of angiotensin-converting enzyme 2 (ACE2), the vasodilator and antiproliferative peptide angiotensin-
RESEARCH ON THE RENIN-ANGIOTENSIN system's mechanisms of action provides a wealth of information about its role in physiology and cardiovascular pathology. Characterization of newer biochemical pathways by which angiotensin peptides act on diverse cellular receptors to exert paracrine and intracrine mechanisms include the identification of angiotensin-converting enzyme 2 (ACE2), the vasodilator and antiproliferative peptide angiotensin-(1-7) [ANG-(1-7)], and the mas receptor (16, 36) . Upstream within the biochemical cascade leading to the formation of angiotensin peptides, angiotensinogen (Aogen) remains the undisputed large molecular protein from which angiotensin I (ANG I) is generated. A newly described propeptide cleaved from Aogen may be an alternate substrate for the formation of biologically active angiotensins. Angiotensin- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) [ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) ] was isolated by Nagata et al. (31) in rat's tissue. Administration of the peptide induced an increase in blood pressure that was blocked by either the administration of an ACE inhibitor or a type 1 angiotensin II (AT 1 ) receptor blocker (31) . The possibility that ANG-(1-12) may serve as an alternate substrate for the generation of bioactive angiotensins led us to document increased expression of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in cardiac myocytes of adult spontaneously hypertensive rats (SHR) compared with Wistar-Kyoto (WKY) controls (24) . Additional studies showed the generation of ANG I, ANG II, and ANG-(1-7) from exogenous ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in the effluent of isolated hearts from Sprague-Dawley, normotensive Lewis, and congenic mRen2 hypertensive Lewis rats, as well as WKY and SHR (39) . Of importance, production of angiotensin peptides from exogenous ANG-(1-12) was not abated in the isolated heart by the preadministration of a selective inhibitor of rat renin (39) .
Further characterization of the conditions regulating the expression of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in both the circulation and the tissues may add newer insights as to how local renin-angiotensin systems contribute to the regulation of tissue functions and shed light as to whether Aogen is the only active substrate form capable to generate angiotensin peptides. Characterization of alternate pathways for angiotensin peptide formation upstream of ANG I may further impact the understanding of the efficacy of orally active renin inhibitors (43) and the development of newer agents to block the enzyme(s) processing ANG-(1-12) into angiotensin peptides. With this in mind, we evaluated whether renal renin contributes to the circulating and tissue production of this novel peptide by studying the effects of 48 h bilateral nephrectomy on plasma and cardiac tissue expression of ANG-(1-12) and angiotensin peptides in WKY rats.
METHODS
Forty-six male WKY rats (15-16 wk) obtained from Charles River Laboratories (Wilmington, MA) were either nephrectomized bilaterally (n ϭ 27, body weight 292 Ϯ 4 g) or sham operated (n ϭ 19, body weight 300 Ϯ 4 g, P Ͼ 0.05) under isoflurane anesthesia via an abdominal incision using aseptic procedures. Forty-eight hours later, rats were killed by decapitation and their trunk blood collected in chilled tubes (ϳ4°C) containing a cocktail of protease inhibitors to prevent peptide metabolism, as described by us elsewhere (14) . The chest cavity was opened through a midsternal incision, and the heart was excised and placed on a chilled plate. The left ventricle was excised free from the rest of the cardiac chambers and divided in transverse sections for processing. Sections of the ventricle destined for radioimmunoassay (RIA) procedures were snap-frozen on dry ice while alternate sections were immersed in 4% paraformaldehyde for histological processing or liquid nitrogen for gene expression analysis. Experiments were approved by the Institutional Animal Care and Use Committee of the Wake Forest University School of Medicine. Prior to experimentation, rats were housed in an American Association for Accreditation of Laboratory Animal Care-approved facility, provided free access to a standard chow diet and tap water, and kept on a 12:12 h light-dark cycle at a constant temperature and humidity.
Immunohistochemical quantification of cardiac angiotensin system components. The polyclonal ANG-(1-12) antibody, directed to the COOH-terminal sequence of the rat peptide, was IgG affinity purified against protein A as described by us elsewhere (24) . This ANG-(1-12) antibody shows no cross-reactivity with Aogen, ANG I, ANG II, and ANG-(1-7) or any cellular protein ranging in sizes between 20 and 120 kDa (24) . Characterization of expression of renin-angiotensin system components in the heart of WKY rats by immunofluorescent confocal microscopy was performed at the University of Missouri as described elsewhere (19, 20, 24, 37) . Briefly, the harvested left ventricles were immersed and fixed in 4% paraformaldehyde. Heart sections (4 m) were dewaxed in CitriSolv, rehydrated in ethanol series, and rinse in HEPES wash buffer. The epitopes were retrieved in citrate buffer, pH ϭ 6.0, at 95°C for 25 min. Nonspecific binding sites were blocked by donkey blocker (5% BSA, 5% donkey serum, 0.01% sodium azide) for 4 h. Sections were incubated with 1:50 mouse Aogen (Fitzgerald Industries Int., Concord, MA), rabbit polyclonal ANG (1-12) (1:50) (AnaSpec, San Jose, CA), or mouse anti renin 1:50 (Fitzgerald Industries Int.) overnight. Sections were washed with HEPES and incubated with Alexa fluor 647 donkey anti-rabbit [ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) ] and donkey anti-mouse (Aogen and renin) (Invitrogen, Eugene, OR) for 4 h. Sections were then incubated with 1:2,000 4Ј-6-diamidino-2-phenylindole (DAPI) for 15 min, washed, and mounted with Mowiol. The slides were checked under a biphoton confocal microscope (Zeiss LSM; 510 MLO, Thornwood, NY), and the images were captured with a laser scanning microscopy imaging system (19, 20) . Signal intensities were analyzed with MetaView. Immunohistochemical measures of ANG II and AT 1 receptors were obtained from five 4 m sections of heart tissues. On each image equal areas (ϫ200) selected at random were analyzed and quantified with MetaView. The average density values obtained from each of five sections were average in each animal, and final statistics were derived from group values of five animals. Nonspecific binding sites were blocked as described above. The sections were incubated overnight with either goat ANG II or rabbit AT 1 receptors at a 1:100 dilution (Santa Cruz Biotechnology). Then the sections were incubated with the secondary antibodies and DAPI, and the images were captured and analyzed as described above. Immunostaining of NADPH oxidase subunits. The tissues were harvested and prepared, and the experiments were conducted as previously described (19, 20) . Heart tissues were sectioned, deparaffinized in CitriSolv, and rehydrated in ethanol and HEPES wash buffer. Nonspecific binding sites were blocked with donkey blocker and then incubated with primary antibodies, 1:100 goat p47 phox , 1:100 Nox2, 1:100 Nox4 (Santa Cruz Biotechnology), and mouse 1:200 Rac1 (Upstate, Lake Placid, NY) overnight. After being washed thoroughly with HEPES, the sections were incubated with Alexa fluor 647 donkey anti-goat for p47 phox , Nox2, Nox4, and donkey antimouse for Rac1 (Invitrogen) for 4 h. Sections were incubated with 1:2,000 DAPI for 15 min, washed, and mounted with Mowiol. The slides were checked under a biphoton confocal microscope (Zeiss LSM), and the images were captured with LSM imaging system. Signal intensities were analyzed with MetaView.
RIAs. Plasma and tissue concentrations of angiotensin peptides were assessed by separate and selective RIAs after extraction with Sep-Pak C18 cartridges at the University of Miyazaki (Kiyotake, Miyazaki, Japan) as reported by us elsewhere (24, 31) . The RIA for ANG-(1-12) specifically detects the COOH terminus of ANG-(1-12) using a 1:6,300 dilution of purified ANG-(1-12) antibody. As reported elsewhere, the ANG-(1-12) antibody showed no cross-reactivity with Aogen, ANG I, ANG II, ANG III, ANG IV, ANG-(1-7), ANG (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , and ANG(1-17) (31). Additionally, left ventricular ANG I and ANG II concentrations were determined using anti-COOH-terminal ANG I and anti-COOH-terminal ANG II RIAs as detailed by Nagata et al. (31) . In these studies (31), HPLC analyses revealed that the peaks of immunoreactivity corresponded with ANG I, ANG II, and ANG-(1-12). The minimum detectable levels of the assays were 0.5 fmol/tube for ANG I, 1.0 fmol/tube for ANG II, and 2.0 fmol/tube for ANG-(1-12). The intra-assay coefficients of variation averaged 5.46% for ANG-(1-12), 8.02% for ANG I, and 9.68% for ANG II. Previous studies by Nagata et al. (31) documented the efficiency at levels Ͼ90% of the extraction procedure, which included boiling the specimens immediately after extraction so as to denature the proteins and inactivate the proteinases (25) .
Aogen and renin mRNAs. The methodology employed for the isolation of RNA and reverse transcriptase, real-time PCR is described (15) . RNA was isolated from cardiac tissue, using the TRIZOL reagent (GIBCO Invitrogen, Carlsbad, CA), as directed by the manufacturer. The RNA concentration and integrity were assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano LabChip (Agilent Technologies, Palo Alto, CA). Approximately 1 g of total RNA was reverse transcribed using AMV reverse transcriptase in a 20 l reaction mixture containing deoxyribonucleotides, random hexamers, and RNase inhibitor in reverse transcriptase buffer. Heating the reverse transcriptase reaction product at 95°C terminated the reaction. For real-time PCR, 2 l of the resultant cDNA was added to TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA) with the appropriate gene-specific primer/probe set (Applied Biosystems), and amplification was performed on an ABI 7000 Sequence Detection System. The mixtures were heated at 50°C for 2 min, at 95°C for 10 min followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. All reactions were performed in triplicate, and 18S ribosomal RNA, amplified using the TaqMan Ribosomal RNA Control Kit (Applied Biosystems), served as an internal control. The results were quantified as Ct values, where Ct was defined as the threshold cycle of PCR at which amplified product is first detected, and expressed as relative gene expression (the ratio of target/18S rRNA control).
Statistics. Values are expressed as means Ϯ SE. Comparisons between the strains were performed with either one-or two-tailed, unpaired Student's t-test (GraphPad Prizm 5 Software, San Diego, CA). P Ͻ 0.05 was considered statistically significant.
RESULTS
Plasma concentrations of ANG-(1-12), ANG I, and ANG II were significantly reduced in anephric WKY rats (Fig. 1) . The decrease in circulating ANG-(1-12) following bilateral nephrectomy is less than that of ANG I, as the ratio of ANG I/ANG-(1-12) averages 50 Ϯ 7% in sham-operated controls and 17 Ϯ 1% in bilaterally nephrectomized WKY rats (Fig. 1) . This indicates that in anephric rats circulating ANG I comprises 17% of the ANG-(1-12) levels. In addition, the finding of a significant correlation between plasma ANG I and ANG-(1-12) levels in nephrectomized WKY but not sham-operated controls implies, but obviously does not prove, that the residual concentrations of ANG I in plasma may be derived from circulating ANG-(1-12) (Fig. 2) .
The concentrations of ANG-(1-12), ANG I, and ANG II were also measured in the left ventricle of both sham-operated and bilaterally nephrectomized WKY rats. Confirming our previous study in WKY rats (24) , left ventricular content of ANG-(1-12) averaged 181 Ϯ 31 fmol/mg compared with 218 Ϯ 13 fmol/mg (P Ͼ 0.05) in our previous publication (24) . Corresponding values for left ventricular content of ANG I and ANG II did not differ significantly from those reported in the same rat strain by us elsewhere (24, 31) . As illustrated in Fig. 3 , removal of the kidneys augmented the tissue content of ANG-(1-12), ANG I, and ANG II. This was accompanied by a nonstatistically significant reduction in the ANG I/ANG-(1-12) ratio (Fig. 3) , further evidencing a dependence of ANG I formation from ANG- (1-12) .
We then examined whether nephrectomy altered the expression of renin and Aogen transcripts in samples obtained from the left ventricle of sham and anephric rats. Figure 4 (top) shows the presence of a weak immunofluorescence for cardiac renin with equivalent average grayscale intensities in both sham-operated and bilaterally nephrectomized rats. Comparative analysis of cardiac samples assayed for renin mRNA from both WKY groups of rats revealed the absence of this gene transcript. In contrast, cardiac Aogen mRNA detected in shamoperated animals was markedly reduced in anephric rats (Fig.  4, bottom) . Figure 5 provides further evidence that removal of the kidneys does not result in the loss of angiotensins in cardiac myocytes. Positive immunostaining for Aogen, ANG-(1-12), ANG II, and AT 1 receptors are expressed in cardiac myocytes from both sham-operated and anephric WKY rats. Quantitative fluorescence intensities for Aogen, ANG II, and AT 1 receptors are augmented in the myocardium of bilateral nephrectomized rats. Additional evidence for increased expression of reninangiotensin system components in the heart of anephric rats is documented in Fig. 6 through the increased myocardial immunostaining of p47 phox , Rac1, and Nox4.
DISCUSSION
Aogen is considered the only known functional in vivo precursor of the angiotensins. The current experiments both confirm (24, 31, 39) and expand knowledge of the existence of an intermediate peptide that, upstream from ANG I and derived from Aogen, functions as a substrate for the formation of ANG I and ANG II in both the circulation and the cardiac tissue. Bilateral nephrectomy, a technique long established as a maneuver to determine the contribution of renal renin to angiotensin peptide generation, differentially influenced the expression of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in the blood and the heart from WKY rats. In anephric rats, removal of the renal source of circulating renin was associated with a large decline in circulating levels of ANG I and ANG II accompanied by a much smaller fall in plasma ANG-(1-12) levels. The changes in circulating levels of these angiotensins contrasted markedly with the corresponding changes of these peptides in the left ventricle of anephric rats. In this tissue, direct RIA measures of the content of ANG-(1-12), ANG I, and ANG II showed significant increases in the concentration of angiotensin peptides that were also reflected by separate quantitative measures of the immunostaining for cardiac Aogen, ANG II, and AT 1 receptors. A comparative increased immunostaining of cardiac p47 phox , Rac1, and Nox4 suggest that the increased ANG II activity in the cardiac myocytes following removal of the kidneys may reflect increased generation of radical oxygen species (38) . Data on the expression of renin-angiotensin system components in the heart following bilateral nephrectomy are sparse. Our experiments now show that removal of circulating renin is associated with a marked upregulation of both the myocardial content of angiotensins and markers of oxidative stress, a novel finding that is in keeping with the hypothesis of an independent regulation of renin-angiotensin system components in both the circulation and the heart (12, 35) .
The experiments were performed using procedures and assays extensively documented in the literature. Nephrectomy is an established method to assess the contribution of renal renin to formation and actions of ANG II in the circulation (2, 6 -9, 17) as well as a tool to unravel whether tissues contain renin-angiotensin systems that are independent from the circulation (4, 9 -11, 18, 26) . In agreement with previous studies (2, 8, 17, 29) , the anephric state at 48 h has not yet exerted lethal azotemia as rats maintained weight, remained alert, and continued to drink at will. Antibodies we used to visualize expression and quantitate cardiac ANG-(1-12) levels were validated in previous studies from this (24, 39, 42) and another laboratory (31) . In addition, several other publications from our laboratory have documented the sensitivity and specificity of RIA measures of ANG I and ANG II employed here (14) .
As expected, blood ANG I and ANG II levels were substantially reduced in the renoprival state, reflecting a loss of the hydrolytic activity of circulating renin after removal of the kidneys. Although ANG-(1-12) levels in blood decreased concurrently, the lower ratio of ANG I/ANG-(1-12) in blood suggests that the effect of nephrectomy on plasma ANG-(1-12) was not as pronounced as that for either ANG I or ANG II. Although plasma ANG I and ANG-(1-12) was positively correlated in nephrectomized but not sham-operated controls, these data cannot be taken as evidencing that the residual levels of ANG I were generated from ANG- (1-12) . On the other hand, our findings do exclude a significant participation of renal renin in the conversion of Aogen into ANG-(1-12), in agreement with our previous demonstration that administration of a selective rat renin inhibitor did not block the formation of ANG I, ANG II, and ANG-(1-7) in the isolated heart preparation from both WKY and SHR (39) .
Few studies have directly inquired on the effect of depletion of renal renin on the cardiac renin-angiotensin system. A study of the effect of 48 h bilateral nephrectomy from SpragueDawley rats showed that the reduction in cardiac ANG I and ANG II was less than those in plasma and not affected by the concurrent administration of ramipril (5). Campbell and colleagues (5) proposed that ANG II formation in anephric rats may be the result of a direct formation from Aogen via a nonrenin-dependent mechanism. Their earlier studies are in keeping with the characterization of ANG-(1-12) as an alternate mechanism for the tissue production of angiotensin peptides in view of the contrasting effect of nephrectomy on ANG-(1-12) and ANG II in the heart and the circulation. In the anephric state, we now show increased cardiac immunostaining of Aogen, ANG II, and AT 1 receptors. The weak immunofluorescence of renin found in bilateral nephrectomized rats, in the absence of any detectable level of renin mRNA, confirms that renin in cardiac myocytes is derived from the circulation (1, 3, 8 -10, 21, 27) .
Additional lines of evidence suggest that cardiac renin is mostly a result of uptake from the circulation as its levels decline markedly and progressively after removal of the kidneys (8 -12, 18) . The antihypertensive effect of systemic delivery of an anti-renin antibody was eliminated in bilateral nephrectomized SHR rats (23), while Leenen et al. (28) and Nagano et al. (30) showed that the increase in cardiac ANG II induced by coronary artery ligation or isoproterenol infusion was not reduced in rats by prior removal of their kidneys. In the isolated heart preparation from WKY and SHR, the active renin protein present in the effluent did not eliminate production of ANG I, ANG II, and ANG-(1-7) in the presence of a potent and specific rat renin inhibitor (39) . Therefore, increased content of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in WKY anephric rats may be due to the action of a nonrenin enzyme. Since renin specifically cleaves the Leu 10 -Leu 11 bond of rat Aogen to form ANG I, the cleavage between the two aromatic residues Tyr 12 -Tyr 13 to liberate ANG-(1-12) requires the participation of another enzyme.
While the paralleling effect of nephrectomy on left ventricular concentrations and expression of Aogen, ANG I, ANG II, and AT 1 receptors provides further evidence for a local cardiac renin-angiotensin system, increased expression of these components in the heart may be considered as evidence for the Since the original submission of our study, a new report by Prosser et al. (34) has both confirmed and extended our original studies on ANG- (1-12) . These investigators showed that infu- sion of ANG-(1-12) in isolated hearts from Sprague-Dawley rats induced a dose-dependent coronary artery vasoconstriction and worsened ischemia-reperfusion injury. As previously demonstrated by Nagata et al. (31) , Prosser et al. (34) report that both coronary artery vasoconstriction and worsened ischemiareperfusion were blocked in the presence of the AT 1 -receptor blocker candesartan. However, in their experiments the ANG II-mediated effects following administration of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) were partially inhibited by pretreatment of chymostatin, an inhibitor of the chymase, a serine protease, shown by Urata and Ganten (40) to be the predominant ANG II-forming enzyme from ANG I in human and rat hearts. These findings and those reported by us previously in the isolated heart of several rat strains (39) underscore the existence of alternate enzymatic mechanisms for the tissue production of angiotensin peptides. In addition, these results contribute, collectively, to explain the relative limited ability of ACE inhibitors (22, 32, 41) and now direct renin inhibitors (33) to induce sustained blockade of ANG II production.
In summary, our experiments provide evidence for dynamic and inverse changes in the content of ANG- (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) in the blood and cardiac tissue of anephric WKY rats. The divergent effect of removal of the kidneys on the circulating and cardiac tissue levels of the angiotensins adds weight to the suggestion of a differential regulation of local vs. systemic mechanisms for the expression of the renin-angiotensin system while adding new data about the role of ANG-(1-12) as an alternate intermediate substrate for the generation of cardiac tissue ANG II.
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